3-Hydroxyaspartate and its derivatives have attracted the attention of biochemists because they are competitive blockers of the excitatory glutamate/aspartate transporters of the mammalian nervous system (1, 2) . However, 3-hydroxyaspartate has two chiral centers, and their four stereoisomers, i.e., D-threo-3-hydroxyaspartate (D-THA), L-threo-3-hydroxyaspartate (L-THA), D-erythro-3- hydroxyaspartate (D-EHA), and L-erythro-3-hydroxyaspartate (L-EHA), have been difficult to synthesize (3) .
The biochemical activity of 3-hydroxyaspartate has been investigated in considerable detail (4) . Nevertheless, little is known about the enzymes that act on 3-hydroxyaspartate isomers, although two microbial enzymes, erythro-3-hydroxyaspartate aldolase (EC 4.1.3.14) (5, 6) and erythro-3-hydroxyaspartate dehydratase (EC 4.3.1.20) (7), were identified many years ago. Recently, we reported that L-threo-3-hydroxyaspartate dehydratase (EC 4.3.1.16) isolated from the soil-isolated bacterium Pseudomonas sp. T62 exhibits dehydratase activity specifically toward L-THA and not toward other 3-hydroxyaspartate isomers (8, 9) . The amino acid sequence and detailed biochemical features, including side reactions, of this enzyme have also been reported (9) . However, no enzyme acting on the D-threo form of 3-hydroxyaspartate has been reported. The enzyme degrading D-THA might be useful for enzymatic optical resolution of DL-THA to produce optically pure L-THA.
Because there has been no report about enzyme acting on D-THA so far, in order to obtain the amino acid sequence information of D-THA converting enzyme, enzyme purification from microorganism that produces D-THA converting enzyme was necessary. Thus, we screened microorganisms that can utilize D-THA as a sole carbon source and found that a newly isolated bacterium, Delftia sp. HT23, which produces an enzyme that catalyzes the dehydratase reaction of D-THA to oxaloacetate. We designated this enzyme as D-threo-3-hydroxyaspartate dehydratase (D-THA DH; D-threo-3-hydroxyaspartate ammonia-lyase). and 50 mM potassium phosphate buffer (pH 7.0). The reaction was carried out at 30°C for 16 h with shaking. Degradation of D-THA in the reaction mixture was monitored by thin layer chromatography (TLC) using the developing solvent ethanol/28% ammonia solution/water=7/1/2 (v/v/v), and was visualized by ninhydrin. D-THA DH activity of the cell-free extract prepared from the strains showing high D-THA degrading activity on TLC was measured as described below. Determination of 16S rDNA was done using a MicroSeq 500 16S rDNA Bacterial Identification Sequencing kit (Applied Biosystems, CA, USA).
Microorganism and cultivation.
Delftia sp. HT23, isolated from soil and identified in our laboratory, was used. Bacteria were grown aerobically in medium containing 10 g of DL-THA, 10 g of glucose, 1 g of KH 2 HT23 cells was inoculated into a test tube (16.5 × 165 mm) containing 5 mL of medium and was cultivated for 24 h at 30°C. The culture was transferred to a 2-L flask containing 400 mL of medium and grown for 48 h at 30°C, with shaking. Escherichia coli JM109 was used as the host cell for the cloning and expression of the D-THA DH gene (dthadh). The E. coli cells were grown at 37°C in Luria-Bertani (LB) medium containing 1% polypeptone, 0.5% yeast extract, and 1% NaCl (pH 7.0).
When necessary, 100 µg mL -1 ampicillin were added to the medium.
Enzyme assays.
The activity of 3-hydroxyaspartate dehydratase was determined as described previously (8) . One unit of the enzyme was defined as the amount capable of catalyzing the oxidation of 1 µmol of NADH per min. Serine dehydratase activity (11) and alanine, serine, and aspartate racemase activities (12) (13) (14) 7
The enzyme solution was then applied to a RESOURCE Q column (0. Amino acid sequence analysis.
The N-terminal and internal peptide sequences were determined as described previously (16) 
Construction of the expression plasmid.
Total DNA was isolated from Delftia sp. HT23 using Isoplant II (Nippon Gene, Toyama, Japan). 
Site-directed mutagenesis.
A mutant enzyme, K43A, was prepared according to the protocol for a PrimeSTAR Mutagenesis
Basal Kit (Takara Bio). The nucleotide substitutions were confirmed by DNA sequencing. The mutant enzyme was produced in E. coli JM109 cells and purified by the same procedure as that used for the wild-type recombinant enzyme.
EDTA-treated enzyme.
Recombinant D-THA DH was dialyzed against 10 mM Tris-HCl buffer (pH 8.0) containing 0.01 mM PLP, 0.1 mM dithiothreitol, and 5 mM EDTA for 12 h at 4°C. To remove EDTA, the enzyme solution was further dialyzed against the same buffer without EDTA for 12 h at 4°C.
Nucleotide sequence accession number.
The nucleotide sequence of the dthadh gene of Delftia sp. HT23 has been deposited in the DDBJ/EMBL/GenBank database under accession number AB433986.
Bioinformatic analysis.
A homology search was performed with the FASTA program at DDBJ (http://www.ddbj.nig.ac.jp/search/fasta-j.html) (17) . The amino acid sequence alignment was performed using ClustalW 1.83 and BOXSHADE 3.21 (18) . ] of enzyme activity. These results suggest that the enzyme was induced by 3-hydroxyaspartate in the medium.
Results

Result of screening
Purification and molecular weight determination of D-threo-3-hydroxyaspartate dehydratase.
With the purification procedures described above, the enzyme was purified approximately 116-fold to homogeneity, with approximately 1.4% recovery ( Table I ). The purified enzyme preparation gave a single band on SDS-PAGE (Fig. 1) . Furthermore, by high-performance gel-permeation liquid chromatography, the enzyme gave a single symmetrical protein peak.
Using a calibrated TSKgel Super-SW3000 column, the relative molecular weight of the enzyme was estimated to be 36,000. By SDS-PAGE, the relative molecular weight of the subunit was estimated to be about 41,000, suggesting that the enzyme is a monomer.
Substrate specificity of the enzyme.
The enzyme showed broad specificity toward 3-hydroxyaspartate isomers. .
Effects of pH and temperature.
The optimal pH and temperature of the enzyme were 8.5 and 50°C, respectively.
Absorption spectrum.
The enzyme exhibited absorption maxima at 280 and 412 nm (Fig. 2) . Solutions of the pure enzyme are distinctly yellow. These results suggest that the enzyme contains PLP as its prosthetic group.
Effects of chemicals.
Hydroxylamine or EDTA, each at a final concentration of 1 mM, was added to the standard reaction mixture, and enzyme activity was measured. The enzyme was strongly inhibited by hydroxylamine (91.2% inhibition), suggesting that PLP participates in the enzyme reaction, as in the L-threo-3-hydroxyaspartate dehydratase reaction (8-10). The enzyme was also modestly inhibited by EDTA (27% inhibition), suggesting that metal ions are involved in the enzyme reaction.
N-Terminal and internal amino acid sequence analysis.
Automated Edman degradation of the enzyme protein was performed with a pulsed liquid phase sequencer, giving an NH 2 -terminal amino acid sequence of MQDTLLTLDTPAAVIDLDRMQXNIA, where X is an unidentified amino acid. The enzyme was digested with lysyl endopeptidase, and the peptides were separated by HPLC. One peptide was isolated, and the amino acid sequence was found to be RDRGTARQK. The two sequences were compared with sequences in a protein sequence database (nr-aa), using the sequence similarity search program FASTA (17) . Both sequences were almost perfectly matched to the partial amino acid sequences of the putative alanine racemase of Thus, Lys43 of D-THA DH is probably a PLP-binding residue.
Characterization of the recombinant enzyme.
We purified recombinant His-tagged D-THA DH from E. coli cells and characterized its enzymatic 
Effect of metal ions on the recombinant enzyme.
To investigate the role of metal ions in more detail, EDTA-treated recombinant enzyme was prepared as described in the Materials and methods. The EDTA-treated enzyme showed about 0.1 unit (mg protein) -1 activity toward D-THA, which was about 0.5% activity of the non-EDTA-treated enzyme.
However, when CoCl 2 , MnCl 2 , NiCl 2 , ZnCl 2 , CaCl 2 , or FeCl 2 was added to the enzyme solution at various concentrations, the relative activity was restored or even activated as shown in Fig. 3 
Identification of PLP-binding lysine residue.
To identify the PLP-interacting lysine residue of the enzyme, a mutant enzyme, K43A, was constructed and purified as described in the Materials and methods. The K43A mutant enzyme, in which Lys43 was replaced by alanine, showed no detectable activity (<0.01% of the activity toward D-THA) and lacked a large absorption maximum at 412 nm (Fig. 2) . Thus, we concluded that Lys43 is most likely involved in both PLP binding and catalysis.
Discussion
In this report, an enzyme that acts on D-threo-3-hydroxyaspartate was isolated and purified to homogeneity for the first time. The microbial metabolism of 3-hydroxyaspartate was described by Kornberg and Morris in the 1960s (6). They reported two enzymes in Micrococcus denitrificans that act on 3-hydroxyaspartate: erythro-3-hydroxyaspartate aldolase (EC 4.1.3.14) (5, 6) and erythro-3-hydroxyaspartate dehydratase (EC 4.2.1.38) (7). However, these enzymes have not been purified to homogeneity or well characterized. More recently, the gene encoding 3-hydroxyaspartate aldolase was cloned and expressed in E. coli (23) . In addition to these enzymes, L-THA DH, which acts only on L-THA, has been identified and characterized by our group (8-10), but enzymes acting on D-THA
have not yet been reported. To our knowledge, the present study is the first to report an enzyme that catalyzes the deamination of D-THA. Therefore, we designated this enzyme D-threo-3-hydroxyaspartate dehydratase (D-THA DH), although it also has some activity toward L-EHA. Based on this substrate specificity, the enzyme is clearly distinct from the erythro-3-hydroxyaspartate dehydratase (EC 4.2.1.38) reported by Gibbs and Morris (7), which acts only on L-EHA and not on D- THA.
D-THA DH had approximately 30% amino acid sequence similarity to two eukaryotic Dserine dehydratases, from chicken (20) and S. cerevisiae (21) (Fig. 4) . Site-directed mutagenesis experiment revealed that lysine 43 is an important residue involved in PLP binding and catalysis (Fig. 2) , however, the K43A mutant enzyme still has weak absorption peaks around 320 nm and 420 nm. The reason why K43A mutant enzyme has these absorption peaks remains unknown, however, non-covalently bound PLP may cause these absorption peaks as in the case of aspartate aminotransferase of E. coli (26 (28), however, the amount of metal ion, which binds to D-THA DH, has not yet been determined.
Although the reason why activity of the EDTA-treated enzyme added with 100 µM MnCl 2 is higher than that of the non-EDTA-treated enzyme dialyzed against the same concentration of MnCl 2 is not clear (Fig. 3) , the following explanation might be possible; the EDTA-treated enzyme is somewhat more stable than the non-EDTA-treated enzyme, i.e., the non-EDTA-treated enzyme To analyze the detailed reaction mechanism and 3D structure of this enzyme, an efficient expression system is necessary. Unfortunately, the expression level of D-THA DH in E. coli was low. 
